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A B S T R A C T
The separation of nadolol racemates under high pH reversed-phase preparative chromatography is presented for
the ﬁrst time.
Three Waters C18 adsorbents (XBridge, Shield and XSelect) are compared for the separation of nadolol ra-
cemates using ethanol:water:diethylamine solvent mixtures. Experimental and simulation results are presented
to compare the separation performances at preparative scale using both the ﬁxed-bed and the simulated moving
bed operations.
The Waters XBridge C18 adsorbent and an ethanol:water:diethylamine solvent mixture are selected as a good
option for the separation of nadolol racemates. The validated methodology allows the separation of a multi-
component nadolol feed mixture composed by four stereoisomers into two pure racemates (two pairs of en-
antiomers). This work introduces the potential of using an initial achiral separation step in the global strategy for
the complete multicomponent separation of the four nadolol stereoisomers.
1. Introduction
Analytical and preparative liquid chromatography went through a
revolution in several technological ﬁelds, including adsorbent types,
packing modelling and synthesis. Interesting reviews about particle
packed and monolithic columns, and HPLC column technology can be
found in literature [1,2]. Currently, a very large number of manu-
facturers are still focused in the development of new high performance
liquid chromatography (HPLC), ultrahigh-pressure liquid chromato-
graphy (UHPLC), supercritical ﬂuid chromatography (SFC) and hydro-
philic interaction chromatography (HILIC) packing types that could
increase several performance parameters for a wide range of applica-
tions, from the pharmaceuticals, biological samples and environment
pollutants, among others. New chromatographic columns were recently
presented by several companies present in Pittcon and other similar
events [3].
C18 adsorbents are recently being used for diﬀerent applications in
ﬁxed-bed [4-7] and simulated moving bed (SMB) [8,9] preparative
separations. Waters manufacturer (USA) introduced three diﬀerent
types of C18 stationary phases, namely, the XBridge C18, the XBridge
Shield RP18 and the XSelect CSH C18 [10,11]. These columns are de-
signed with the Ethylene Bridged Hybrid (BEH), the Optimum Bed
Density (OBD) and the Charge Surface Hybrid (CSH) technologies. BEH
technology synthesis creates particles prepared from two high purity
monomers, tetraethoxysilane and bis(triethoxysilyl)ethane, resulting in
a pH-resistant and mechanically-strong particle. OBD technology was
specially developed for preparative separations to eﬀectively improve
the packed-bed stability and column lifetime by eliminating the bed
collapse. The combination of both manufacturing technologies is re-
ferred by the manufacturer to ensure a direct scalability from analytical
to preparative liquid chromatography separations. The XBridge C18
column uses a trifunctional C18 as ligand type and the pH range is
1–12. The Shield RP18 uses a monofunctional embedded polar group
(carbamate) that “shields” the silica residual silanol surface from highly
basic analytes, improving signiﬁcantly the peak shape and resolution.
The XSelect CSH C18 adsorbent uses a trifunctional C18 ligand type and
is referred to improve chromatographic selectivity with the increase of
solventś hydrophobicity. These two last adsorbents can both be used in
the pH range between 1 and 11. A wide number of published results in
analytical HPLC using XBridge C18 [12-17], XBridge Shield RP18 [18-
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T
24] and XSelect CSH C18 [25-27] can be found in literature. All three
packings generally use alcohol:water or acetonitrile:water solvents,
often with an acid or basic modiﬁer (typically 0.1%).
Nadolol is a pharmaceutical drug which belongs to the class of
nonselective beta-adrenergic receptor antagonists (β-blocker). This
compound is world widely prescribed for the relief of some cardiovas-
cular diseases, such as congestive heart failure, hypertension, ischemic
heart disease (angina pectoris) and certain arrhythmias [28]. Despite
the more restrictive legislation for the use of safer and more eﬃcient
drugs, together with some studies referring that only one of the four
stereoisomers (RSR-nadolol) is responsible for the therapeutic eﬀect,
the nadolol is still commercially marketed as a mixture of two race-
mates; a total of four stereoisomers [29,30]. Moreover, the medical
prescription of this chiral drug is associated with some risks, such as,
abdominal pains, depression and cardiovascular failure, among others.
In this way, the complete separation of the multicomponent mixture of
nadolol stereoisomers has clear beneﬁts for its future pharmaceutical
use and applications.
Asymmetric organic synthesis and racemate resolution methods are
two alternative strategies to obtain pure enantiomers [31]. Despite the
large amounts of enantiomer provided by the ﬁrst strategy, asymmetric
synthesis is also time consuming and has the disadvantage of producing
only one pure enantiomer. Taking into account that, in the earlier
stages of drug discovery processes, only few quantities are necessary,
racemate resolution can be the more appropriate choice since it can
allow an eﬃcient preparative separation process and provide both pure
enantiomers. As referred before, the availability of all the pure en-
antiomers is an important step to identify new therapeutic principles
and possible harmful pharmacological side eﬀects. Among the diﬀerent
resolution methods, direct chromatographic resolution of enantiomers
using continuous processes, such as the simulated moving bed (SMB)
technology, is nowadays considered an attractive production alter-
native.
Only few published works can be found concerning the preparative
separation of nadolol stereoisomers. The ﬁrst work of preparative
production of the RSR-nadolol pure stereoisomer was published in 2010
by Sung and co-authors. However, the method was based in the re-
solution via diastereomeric salt formation, followed by preparative
HPLC using a JAIGEL-ODS-BP-L 25x500 mm column and methanol:-
water (84:16) as mobile phase [32]. Wang and Ching [33–35] pub-
lished the ﬁrst studies concerning the application of SMB technology to
the separation of nadolol stereoisomers. Nevertheless, they used a
perphenyl carbamoylated β-cyclodextrin stationary phase which pre-
sents a very low saturation capacity and, therefore, weak preparative
performances when compared with later developed polysaccharide-
derivatives-based chiral phases [36]. In 2013, our group presented the
ﬁrst publication for the experimental separation of the more retained
and therapeutic active stereoisomer (RSR-nadolol) using a four zone
SMB unit [37]. The preparative SMB columns were packed with coated
Chiralpak AD adsorbent and ethanol:hexane:diethylamine (80:20:0.3)
was used as solvent. In 2015, Jermann et al., performed the same se-
paration using a 3-column intermittent SMB cascade operation [38]. In
2016 and 2019, Rami et al. improved the performance of the SMB se-
paration using the immobilized Chiralpak IA stationary phase and pure
methanol and methanol:acetonitrile as solvents [39,40].
The nadolol pharmaceutical drug represents a very interesting case-
study of multicomponent chiral separation since it is composed by four
stereoisomers, being two pairs of enantiomers. It introduces the possi-
bility of alternative strategies, using diﬀerent kind of separation se-
quences and techniques, the use of diﬀerent packings (chiral and
achiral stationary phases), and the correspondent mobile phase opti-
mization at both normal and reversed-phase modes. This work proposes
a new strategy for the separation of nadolol stereoisomers, using an
initial step with C18 achiral adsorbents. C18 material is more common
and considerable less expensive than chiral stationary phases.
Octadecylsilane phases (ODS or C18 columns) are used in the reversed-
phase mode. In these conditions, the separation of ionised basic com-
pounds poses particular diﬃculties associated with the detrimental
interaction with column silanol groups and overloading, which both
result in poor peak shapes [15,41-43]. To overcome these problems,
several manufacturers developed new ODS columns allowing high pH
and highly aqueous conditions under reversed-phase mode [44-47]. It
must be stressed out that, due to the strong alkaline nature of nadolol
(pKa=9.67) [48,49], a good and eﬃcient chromatographic separation
of this compound needs a solvent pH two units above the solute’s pKa
[50,51], resulting in a pH value above 11. An adsorbent such as the
Waters XBridge C18 type is compatible with such high pH values,
having a maximum allowed value of 12 [52]. Recently, Waters devel-
oped other C18 adsorbents, such as the Shield RP18 and the XSelect
CSH C18 columns, being these materials able to perform separations
using pH values until 11.
In this work, these three types of Waters ODS columns will be tested
and compared for the separation of nadolol racemates. The use of a C18
achiral stationary phase for the preparative separation of nadolol ra-
cemates is introduced by the ﬁrst time. Experimental and simulation
results, such as, loading pulses, measurement and modelling of ad-
sorption equilibrium isotherms, measurement and simulation of ﬁxed-
bed behaviour, and prediction of SMB operation are presented and are
useful for the deﬁnition of a global strategy for the multicomponent
separation of nadolol stereoisomers.
2. Experimental
2.1. Chemicals
Nadolol, a mixture of the two racemates (four stereoisomers), and
uracil (used as non-retained compound for C18 material) were obtained
from Sigma-Aldrich (Schnelldorf, Germany). The basic modiﬁer die-
thylamine (DEA), ethanol (E) and acetonitrile (ACN), all HPLC grade
solvents, were obtained from Fluka (Buchs, Switzerland). Ultrapure
water with a resistivity value below 18.2 MΩ.cm (Type I) was obtained
using a Merck Millipore Direct Q3 UV lab equipment. All reagents and
solvents were used without further puriﬁcation.
2.2. Equipment for analytical and preparative chromatography
Two Knauer HPLC systems (Germany) were used to perform elution
chromatography, experimental measurements of the adsorption equi-
librium isotherms, and breakthroughs experiments.
The analytical experiments were obtained in a Knauer HPLC system
equipped with one Smartline 1050 pump with a 10mL pump head, a
manual 6-port/3-channel injection valve with 20 and 100 μL loops, and
two detectors in series: a Smartline UV detector 2520 set at 230 or
270 nm wavelengths and a polarimeter detector (Chiralser IBZ,
Messtechnik, Germany). Chiralpak IA (Daicel, Japan) was used for
analytical chiral separations, and three C18 analytical columns
(XBridge C18, XBridge Shield RP18 and XSelect CSH C18) were ob-
tained fromWaters (USA) manufacturer. All the four analytical columns
have the same dimensions (4.6 mm ID×250mm L) and are packed
with 5 μm particle size materials. A typical ﬂow-rate of 1mL/min was
used with the analytical HPLC Knauer system.
The preparative experiments were carried out in a Knauer HPLC
system equipped with a Smartline UV detector 2520 set at 270 nm
wavelength, two Smartline 1050 pumps with 50mL pump heads, and a
manual 6-port/3-channel injection valve with a 1000 μL loop. The
preparative reversed-phase separations used a SiliaChrom XT C18
column (20mm ID×150mm L) obtained from Silicycle manufacturer
(Canada), and three diﬀerent C18 columns obtained from Waters
manufacturer (19mm ID×100mm L). The Waters preparative col-
umns are packed with the same three materials previously referred
(XBridge, Shield and XSelect), but with a particle size diameter of
10 μm. A typical ﬂow-rate of 5mL/min was used with the preparative
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HPLC Knauer system.
3. Results and discussion
3.1. Identiﬁcation of nadolol racemates
Achiral C18 material does not directly discriminates chiral solutes.
But nadolol is composed by four stereoisomers, being two racemates
(two pairs of enantiomers). So, adequate operation using C18 material
can distinguish and separate the two nadolol racemates. Additionally,
chiral material can separate and identify the nadolol enantiomers of
each racemate. A 20 g/L nadolol feed solution was prepared and in-
jected in the SiliaChrom XT C18 preparative column, using a mobile
phase of 40:60:0.2 ethanol:water:diethylamine and a 1000 μL loop. The
ﬂow-rate was set to 5mL/min. The obtained result is presented in
Fig. 1.
The SiliaChrom XT C18 preparative column succeeded to dis-
criminate the two nadolol racemates. At the top of both peaks (UV
saturated-signal plateaus at Fig. 1), two samples were collected. The
collecting times were from 16min and 20 sec to 16min and 35 sec for
sample 1 and from 18min and 20 sec to 18min and 35 sec for sample 2.
Both collected samples were then analysed in the Knauer HPLC system
equipped with the Chiralpak IA analytical column and the UV and
polarimeter detectors in series. The results are presented in Fig. 2.
Fig. 2 reinforces that the achiral C18 material can be used to per-
form the pseudo-binary separation of the two nadolol racemates: the
nadolol racemate B (sample 1; mixture of SRR and RSS nadolol en-
antiomers) from the nadolol racemate A (sample 2; mixture of SRS and
RSR nadolol enantiomers). Considering the elution order obtained
using the Chiralpak IA chiral stationary phase, sample 1 is a mixture of
the two compounds with the intermediate aﬃnity (chiral elution order
2 and 3, racemate B) and sample 2 is a mixture of the less and the more
retained compounds (chiral elution 1 and 4, racemate A), as re-
presented in Table 1. Therefore, the reader must note that, using the
achiral C18 material, “racemate B” is less retained than “racemate A”.
3.2. Loading pulses
In a liquid chromatographic separation, the choice of the solvent
composition is a crucial step. The solvent selection normally has a re-
markable impact on both retention and selectivity. The works published
concerning the use of C18 adsorbents for ﬁxed-bed and SMB pre-
parative separations [4–9] use solvent mixtures of water with me-
thanol, ethanol or acetonitrile, and an acid or basic modiﬁer. In this
work, the three Waters C18 adsorbents are compared for the separation
of nadolol racemates using an ethanol:water solvent mixture with die-
thylamine as basic modiﬁer. A solvent composition of 30%ethanol:70%
water proved to be a good compromise to achieve acceptable pressure
drop and selectivity, low retention times and good nadolol solubility for
an eﬀective preparative scale separation. Moreover, nadolol is only
slightly soluble in water [53] and in acetonitrile [39], so the use of
alcohol:water mixtures is mandatory for the preparative separation of
nadolol racemates through reversed-phase chromatography. As referred
before, due to the strong alkaline nature of nadolol, the baseline se-
paration of nadolol racemates often needs a mobile phase composition
having a pH value two units above its pKa value. A pH value near 11
can be reached by adding 0.005% of diethylamine modiﬁer to a 30%
ethanol:70%water mobile phase composition. For a pH near 12, a 0.1%
of the same modiﬁer is needed.
Fig. 3 presents several loading pulses of 2 and 10 g/L nadolol feed
solutions, using a 30%ethanol:70%water solvent composition with a pH
of 11 and 12, and for 20, 100 and 1000 μL injection loops. These pulses
were carried out using both the analytical and the preparative Waters
XBridge, Shield and XSelect columns and to better understand the eﬀect
of the increase of the loaded mass. Table 2 presents the results obtained
in terms of retention times and chromatographic resolution between the
two pairs of nadolol racemates.
For the XBridge C18 material there is a signiﬁcant diﬀerence on the
performance of the pulse separation of the nadolol racemates when
using pH=12 instead of pH=11, at both the analytical and the pre-
parative scales. Particularly, the use of lower pH introduces higher re-
tention, lower resolutions, and higher band broadening. These diﬀer-
ences can be justiﬁed by pH=11 to be still close to the nadolol pKa
(9.67).
The loss in selectivity at pH=11 is considerably overcome by using
the other Waters C18 materials. Shield RP18 material at pH=11 pre-
sents a separation behaviour closer to the one obtained using XBridge
C18 at pH=12. XSelect CSH C18 material at pH=11 also presents
improved resolution but still maintains higher retention and band
broadening. This can justify the preference for Shield RP18 material
since it achieves good separation performances using pH=11 (low
retention times and reduced peak tailing), close to ones obtained with
XBridge C18 but using pH=12. Nevertheless, this conclusion should
be validated at overloaded conditions (high amounts and concentra-
tions of nadolol) as found at preparative and production scales. This
validation can be obtained by measuring the adsorption equilibrium
isotherms and through breakthrough experiments.
3.3. Measurement, modeling and ﬁtting of adsorption equilibrium isotherms
The determination of the competitive adsorption equilibrium iso-
therms can be achieved using diﬀerent experimental methodologies
described in literature [55]. The adsorption–desorption method, despite
being time consuming and tedious, was selected for this task since it is
commonly accepted as the one giving the more accurate data. Con-
sidering that the ﬁnal objective is to work under preparative conditions,
the experimental equilibrium data collected through this static method
will be then validated using a dynamic method of frontal chromato-
graphy by means of ﬁxed-bed breakthrough experiments. A detailed
description of this methodology can be found elsewhere [56,57].
The Langmuir model is often used to describe the equilibrium ad-
sorption behaviour. Nevertheless, for the preparative separation of
chiral mixtures, this model often fails as it is well known that the se-
lectivity factor decreases with the increase of the chiral species’ con-
centration. In fact, the Langmuir model predicts a constant selectivity
over the entire range of concentrations. A practical way to overcome
this limitation is to add a linear term to the Langmuir model. For the
present work, the following competitive linear+ Langmuir (LLG)
model was found to better describe the adsorption behaviour, as de-
scribed in Eq. (1):
Fig. 1. UV response to a pulse of nadolol using a SiliaChrom XT C18 column
and a mobile phase composition of ethanol:water:diethylamine (40:60:0.2).
Flow-rate of 5mL/min; CFT=20 g/L; injection loop= 1000 μL.
R.S. Arafah, et al. Separation and Purification Technology 233 (2020) 116018
3
= +
+ +
= +
+ +
∗ ∗q mC Qb C
b C b C
q mC Qb C
b C b C1
;
1B B
B B
B B A A
A A
A A
B B A A (1)
where ∗ ∗q q,B A and C C,B A are, respectively, the solid and the liquid
concentrations of racemates B and A, and m, Q, bB and bA are the ad-
sorption equilibrium isotherm parameters. These parameters were es-
timated using the Levenberg-Marquardt algorithm for the minimization
of the corrected standard deviation, SD, deﬁned as
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being M the number of experimental points, N the number of esti-
mated parameters, and ∗q E and ∗q T the experimental and model equi-
librium stationary phase concentrations, respectively. The adsorption
equilibrium isotherm parameters obtained for the diﬀerent C18 mate-
rials and pH values are presented in Table 3.
Fig. 2. UV (top) and polarimeter (bottom) response to a pulse of each collected sample1 and 2 (see Fig. 1) using a Chiralpak IA analytical column and a mobile phase
composition of ethanol:water:diethylamine (40:60:0.2). Flow-rate of 0.5 mL/min; injection loop= 20 μL.
Table 1
Molecular structure, elution order and optical rotation signal of the four nadolol stereoisomers using Chiralpak AD
[37] and Chiralpak IA [39] chiral stationary phases and ethanol-hydrocarbon solvent compositions, and in this
work using Chiralpak IA and ethanol:water solvent composition.
Racemate A
RSR-Nadolol SRS-Nadolol
Elution order: 4th; optical rotation signal: (−) Elution order: 1st; optical rotation signal: (+)
Racemate B
RSS-Nadolol SRR-Nadolol
Elution order: 3th; optical rotation signal: (−) Elution order: 2nd; optical rotation signal: (+)
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Fig. 3. Experimental chromatograms for the separation of nadolol racemates using 30:70:0.1 (pH=12) and 30:70:0.005 (pH=11) ethanol:water:diethylamine
mobile phase compositions, for the three analytical and preparative Waters C18 columns (XBridge, Shield and XSelect). For analytical columns, feed concentrations
of 2 g/L (loops of 20 and 100 μL) and 10 g/L (loop of 100 μL); ﬂow-rate of 0.9 mL/min. For preparative columns, feed concentrations of 2 and 10 g/L (loop of
1000 μL); ﬂow-rate of 5.0 mL/min. UV detection at 270 nm.
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The comparison between the experimental data and the adsorption
behaviour predicted by the selected LLG model is presented in Fig. 4 for
the XBridge C18 preparative column, using an ethanol:water (30:70)
solvent composition and for both pH=12 and pH=11. The left plot
presents the adsorption equilibrium isotherms and the right plot the
selectivity behaviour, as a function of the feed concentration. Fig. 5
presents the same comparison for the three diﬀerent Waters C18 ma-
terials using ethanol:water (30:70) solvent composition and pH=11.
3.4. Breakthroughs experiments and simulation
The validation of the adsorption equilibrium isotherm models was
carried out through breakthrough experiments and simulation. The
breakthrough curves were simulated considering mass balance
equations that include axial dispersion and mass transfer resistance
through the linear driving force (LDF) model, which proved to be an
accurate approximation for the modelling of the mass transfer phe-
nomena [58–60]. The PDECOL package based on the method of or-
thogonal collocation in ﬁnite elements was used to predict the ﬁxed-bed
adsorption behavior [61]. The breakthrough experimental data was
also used to estimate the kinetic data, i.e., the axial dispersion and the
mass transfer resistance parameters. The reader is invited to read pre-
vious published work for further information on the simulation of the
breakthrough experiments [62,63].
For each breakthrough experiment, several outlet samples were
collected at diﬀerent times of the saturation and regeneration steps.
These samples were analyzed by HPLC and compared with the simu-
lated chromatograms. Using uracil as a non-retained compound in the
C18 material, an additional experiment was carried out to predict axial
dispersion by ﬁtting a model for ﬁxed-bed operation considering
homogeneous adsorbent particles to the uracil pulse experimental data.
Axial dispersion was predicted through a Peclet number of Pe= 5000.
From the breakthrough curves using 10 g/L nadolol feed solutions, a
predicted value for the mass transfer coeﬃcient of k= 5 s−1 proved to
be adequate for all the C18 materials. These values validate the Waters
adsorbents as promising for preparative separation as it present negli-
gible axial dispersion and mass transfer resistances. Fig. 6 presents the
obtained results using the three Waters C18 materials with pH=11 or
Table 2
Retention times (trB and trA) and chromatographic resolution (RA,B) obtained for loading pulses using both the analytical and the preparative Waters C18 columns.
Column Injected mass (mg) C18 adsorbent, pH trB (min) trA (min) RA,B (*)
Analytical 0.04 XBridge, pH=12 13.45 15.55 2.47
XBridge, pH=11 18.87 20.85 1.66
Shield, pH=11 14.67 16.17 1.76
XSelect, pH=11 18.30 20.90 2.11
0.2 XBridge, pH=12 13.10 15.07 1.85
XBridge, pH=11 17.83 19.65 0.91
Shield, pH=11 13.93 15.35 1.34
XSelect, pH=11 17.92 20.45 1.75
1 XBridge, pH=12 12.40 14.22 1.04
XBridge, pH=11 15.15 17.38 0.75
Shield, pH=11 12.90 14.35 0.79
XSelect, pH=11 16.28 18.85 0.93
Preparative 2 XBridge, pH=12 20.82 24.16 1.29
XBridge, pH=11 24.68 27.51 0.88
Shield, pH=11 20.72 22.94 1.21
XSelect, pH=11 27.04 30.79 1.38
10 XBridge, pH=12 19.63 22.70 0.86
XBridge, pH=11 22.15 27.69 n.a.
Shield, pH=11 19.12 21.20 0.63
XSelect, pH=11 24.66 28.20 0.71
(*) Chromatographic resolution is calculated using = −+RA,B
1.18(trA trB)
w0.5,A w0.5,B
, where trA and trB are the retention times (at peak apexes) and w0.5,A and w0.5,B are the peak
widths measured at half the peak height [54], being racemate A more retained than racemate B.
Table 3
Adsorption equilibrium isotherm parameters obtained for the diﬀerent Waters
C18 preparative columns and pH values (at 23 °C).
C18 adsorbent, pH m Q (g/L) bB (L/g) bA (L/g) SD
XBridge, pH=12 1.3694 31.02 9.877× 10−2 1.258×10−1 0.2326
XBridge, pH=11 1.3594 32.19 9.667× 10−2 1.210×10−1 0.2200
Shield, pH=11 1.3829 38.46 7.373× 10−2 8.529×10−2 0.0423
XSelect, pH=11 0.7947 56.92 8.150× 10−2 9.551×10−2 0.1201
Fig. 4. Comparison between experimental
and model results for the adsorption equili-
brium isotherms (left) and selectivity (right)
for the two nadolol racemates, as a function
of their feed concentrations, using etha-
nol:water (30:70) mobile phase composition
with 0.1% diethylamine (dashed line,
pH=12) and with 0.005% diethylamine
(solid line, pH=11), and the XBridge C18
material. Both ﬁttings (lines) use the
linear+ Langmuir (LLG) competitive model
parameters presented in Table 3.
R.S. Arafah, et al. Separation and Purification Technology 233 (2020) 116018
6
pH=12.
Figs. 4 and 6 show that the signiﬁcant diﬀerences found at pulse
chromatography for the XBridge C18 material using pH=12 versus
pH=11 (see Fig. 3 for the loading pulses) are not observed in the
comparison of the adsorption equilibrium isotherms and in the break-
through experiments. Both saturation and regeneration curves for
pH=11 and pH=12 show very similar behaviours, and only a slight
decrease in selectivity is observed for pH=11. This is a nice and clear
example showing that the separation performance under preparative
conditions should not be evaluated based on the extrapolation of the
results obtained under analytical and linear chromatographic condi-
tions, but needs to be carefully evaluated under those preparative and
overloaded conditions.
Comparing the diﬀerent Waters C18 materials using pH=11,
Fig. 5. Comparison between experimental and model results for the adsorption equilibrium isotherms (left) and selectivity (right) for the two nadolol racemates, as a
function of their feed concentrations, using ethanol:water (30:70) mobile phase composition with 0.005% diethylamine (pH=11) and the three diﬀerent Waters C18
preparative columns: XBridge (diamonds, upper row), Shield (circles, middle row) and XSelect (triangles, bottom row). All ﬁttings use the linear+ Langmuir (LLG)
competitive model parameters presented in Table 3.
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Fig. 6. Saturation (adsorption; left plots) and regeneration (desorption; right plots) curves for a 10 g/L nadolol feed solution using XBridge with 30%ethanol/70%
water/0.1%diethylamine (pH=12), and using XBridge, Shield and XSelect with 30%ethanol/70%water/0.005%diethylamine (pH=11). Comparison between the
experimental (points) and the simulation results (lines). Flow-rate of 5mL/min; model parameters of ε=0.4 (bed porosity), Pe=5000 (Peclet number), and
k=5 s−1 (mass transfer coeﬃcient); linear+ Langmuir isotherm model parameters as in Table 3.
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Figs. 5 and 6 show that Shield presents a considerable loss in selectivity.
For Shield material, the less retained nadolol racemate is clearly more
adsorbed, while the more retained racemate is also less retained when
compared with the behavior found using XBridge at pH=11. These
results for the Shield adsorbent show that the ones obtained at pulse
conditions do not maintain at overloaded conditions.
The results obtained for the XSelect material clearly conﬁrm the
higher retention behavior (observed in both Figs. 5 and 6) and a se-
lectivity that stands clearly above the Shield material, but slightly
below the one obtained with XBridge at pH=11.
The results presented in Figs. 4–6 and obtained under preparative
and overloaded conditions justify the use of the XBridge C18 material
for the preparative separation of the nadolol racemates. Although
presenting a slight decrease in selectivity using XBridge C18 material
with pH=11 instead of pH=12, the preparative separation perfor-
mance using pH=11 seems to be not signiﬁcantly aﬀected, ensuring a
longer adsorbent lifetime. These results will be further studied and
validated in the next section through the simulation of the preparative
separation of nadolol racemates by SMB chromatography using the
three C18 materials and pH conditions.
3.5. SMB modeling and simulation
The comparison of the predicted SMB operation performance is an
important additional tool for the evaluation of the preparative separa-
tion of nadolol racemates using the three diﬀerent adsorbent materials
studied in this work. The adopted methodology was based in the so-
called Triangle Theory, developed the Mazzotti et al. [64], which as-
sumes that mass transfer resistances and axial dispersion are negligible,
and that the adsorption equilibria can be described through a modiﬁed
linear+ Langmuir isotherm model. The comparison of the adsorbents’
performances is carried out through the prediction of the system pro-
ductivity and solvent consumption performance parameters at the
vertex of the separation regions, deﬁned by the triangles of SMB com-
plete separation. Since a separation region is the area of possible SMB
internal ﬂow-rates that allows 100% pure products (pure extract, only
containing the more retained nadolol racemate, and pure raﬃnate, only
containing the less retained nadolol racemate), the vertex of each tri-
angle represents the point at the boundary of the separation region
most distant from the γIII- γII diagonal and, therefore, the best operating
conditions in terms of SMB system productivity (PR, gtarget pro-
ductLbed−1h−1) and solvent consumption (SC, Lsolventgtarget product−1), for
a given nadolol feed concentration and calculated through
= + = − +∗PR
Q C C
V
ε
N t
γ γ C C( ) ( )( )F B
F
A
F
T C
III II B
F
A
F
(4)
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where QF and QE are the SMB feed and eluent external ﬂow-rates,
respectively; CBF and CAF are the feed concentrations of nadolol race-
mates B and A, respectively;VT is the total volume of the adsorbent used
in the SMB unit; NC is the number of columns used in the SMB unit; ∗t is
the SMB switch time interval; and γj is the ratio between ﬂuid and solid
interstitial velocities in section j of the equivalent true moving bed
(TMB) operation.
Although it represents a simpliﬁed approach, the equilibrium theory
model allows a straightforward prediction of the SMB performance and
is very useful for comparative studies, particularly under weak axial
dispersion and mass transfer resistances, as it is the case in this work.
In SMB operation, both extract and raﬃnate outlet streams must
satisfy the purity and recovery speciﬁcations. It is assumed that the
more retained species (racemate A) will be completely recovered in the
extract stream, while the other less retained components (racemate B)
will be completely recovered in the raﬃnate stream. According to these
assumptions, the extract purity (PUX, %) is deﬁned as the ratio between
the mean concentration of racemate A (stereoisomers 1 and 4) and the
sum of the mean concentrations of the two racemates in the extract
stream:
= 〈 〉
〈 〉 + 〈 〉
×PUX C
C C
100A
X
A
X
B
X (6)
Similarly, the raﬃnate purity (PUR, %) is deﬁned as the ratio be-
tween the mean concentration of racemate B (stereoisomers 2 and 3)
and the sum of the mean concentrations of the two racemates in the
raﬃnate stream:
= 〈 〉
〈 〉 + 〈 〉
×PUR C
C C
100B
R
A
R
B
R (7)
A transient SMB model, taking account both axial dispersion and
mass transfer resistances, was used to predict the transient evolution of
both nadolol racemates’ concentrations in the extract and raﬃnate
outlet streams, and the internal concentration proﬁles at SMB cyclic
steady-state. The simulation uses the gPROMS software package from
Process System Enterprise (UK). More information concerning SMB
modeling and simulation, through the equilibrium theory and other
more precise SMB models, can be found elsewhere [65–68].
3.5.1. Regions of SMB complete separation
Fig. 7 shows the separation regions obtained for the XBridge ad-
sorbent and for nadolol feed concentrations of 2 and 10 g/L, using an
30:70 ethanol:water solvent composition with pH=11 and pH=12.
These results show, once more, that there are no signiﬁcant diﬀerences
Fig. 7. SMB complete separation regions for
the separation of nadolol racemates using
the XBridge C18 material and ethanol:water
(30:70) as mobile phase, with 0.1% diethy-
lamine (pH=12, solid lines) and with
0.005% diethylamine (pH=11, dashed
lines), for a nadolol feed concentration of
2 g/L (left) and 10 g/L (right). The SMB
complete separation regions are predicted
considering the equilibrium theory and the
linear+ Langmuir (LLG) model with the
adsorption equilibrium isotherm parameters
presented in Table 3.
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in the SMB performance parameters as the dimension of the triangles
separation areas are similar. These results conﬁrm that it is feasible to
use XBridge C18 material with pH=11 for a longer column lifetime.
Fig. 8 shows the comparison of the separation regions for the three
C18 adsorbents, using the same etanol:water (30:70) solvent with
pH=11 and for 2 g/L and 10 g/L nadolol feed concentrations. The
SMB separation regions presented in Fig. 8 are in line with the results
obtained for the adsorption equilibrium isotherms and the break-
through experiments presented in Figs. 5 and 6. XBridge and XSelect
present similar size SMB separation regions due to similar selectivity
values, although XSelect presents considerable higher operating gamma
values due to the higher retention of the nadolol racemates in this
adsorbent. Fig. 8 also conﬁrms the results obtained with the Shield
RP18 adsorbent. Its SMB separation region is signiﬁcantly smaller in the
entire range of nadolol feed concentrations (2 and 10 g/L) due to the
lower selectivity values found previously in Figs. 5 and 6.
3.5.2. SMB system productivity and solvent consumption
Fig. 9 presents the predicted SMB system productivity and solvent
consumption for the Waters XBridge C18 adsorbent, using an etha-
nol:water (30:70) solvent composition with pH=11 and pH=12, as a
function of the nadolol feed concentration. The productivity and sol-
vent consumption parameters were calculated at the vertex of each SMB
separation regions considering the equilibrium theory model, the
equilibrium adsorption isotherm parameters presented in Table 3, a
maximum internal ﬂow-rate of Q*I= 20mL/min at section I of the SMB
unit, and safety margins of 20% for the SMB sections I and IV. The
simulation results conﬁrm that there is not a strong eﬀect of the pH
value (pH=12 versus pH=11) in the SMB system productivity and
solvent consumption obtained using the XBridge C18 adsorbent.
Fig. 10 presents the comparison for the predicted SMB performance
parameters for the three Waters C18 adsorbents using the same etha-
nol:water:diethylamine (30:70:0.005) solvent composition with
pH=11, as a function of the nadolol feed concentration.
From the three studied Waters C18 materials, the XBridge adsorbent
presents the better behaviour for both the SMB system productivity and
solvent consumption. As explained in the previous results, the lower
SMB performances presented by the XSelect and the Shield adsorbents
can be justiﬁed by the higher retention of the nadolol racemates and by
the signiﬁcant lower selectivity values, respectively. Therefore, the
XBridge C18 adsorbent can be considered as the more appropriate
material for the preparative separation of nadolol racemates and can
operate at pH=11, avoiding higher pH values (up to 12) and ensuring
longer adsorbent lifetime.
3.5.3. Prediction of the SMB operation for the preparative separation of
nadolol racemates
The simulation of the SMB operation using a conventional four-zone
SMB mode with a [1–2–2–1] column conﬁguration was carried for each
C18 adsorbent and a nadolol feed concentration of 10 g/L. The SMB
model used in simulation took into account both the axial dispersion
and the mass transfer resistances, and the linear+ Langmuir (LLG)
model to describe the adsorption equilibrium isotherms. The model
parameters used were the ones raised in the experimental measure-
ments carried out in this work and presented in Table 3 and Figs. 4–6.
Table 4 presents the SMB operating conditions, including the
Fig. 8. SMB complete separation regions for
the separation of the nadolol racemates
using the XBridge (solid lines), Shield (da-
shed lines) and XSelect (dotted lines) C18
materials and ethanol:water:diethylamine
(30:70:0.005) as mobile phase (pH=11),
for a nadolol feed concentration of 2 g/L
(left) and 10 g/L (right). The SMB complete
separation regions are predicted considering
the equilibrium theory and the
linear+ Langmuir (LLG) model with the
adsorption equilibrium isotherm parameters
presented in Table 3.
Fig. 9. Predictions of the SMB system pro-
ductivity (left) and solvent consumption
(right) as a function of the nadolol feed
concentration for the XBridge C18 ad-
sorbent. Solid line for (30:70:0.1) etha-
nol:water:diethylamine (pH=12) and da-
shed line for (30:70:0.005)
ethanol:water:diethylamine (pH=11).
Flow-rate in SMB section I of QI*= 20mL/
min; safety margins of 20% for SMB sections
I and IV; linear+ Langmuir isotherm model
parameters as in Table 3.
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internal and external SMB ﬂow-rates, the SMB switch time interval, and
the corresponding γ values for the equivalent true moving bed (TMB)
operation, calculated at the vertex point of each separation region for a
10 g/L nadolol feed concentration (see Fig. 8, right plot). The predic-
tions of the outlet streams purities and the SMB system productivity and
solvent consumption parameters are also presented in Table 4, and are
in line with the ones presented in Fig. 10. The small contaminations in
the extract outlet streams are due to the SMB conﬁguration (6 columns)
and the estimated axial dispersion and resistance to mass transfer in-
cluded in the simulation of the SMB operation.
Fig. 11 shows the predicted transient evolution of the nadolol ra-
cemates’ average concentration in both the extract and the raﬃnate
outlet streams during the ﬁrst 25 cycles of SMB operation, for XBridge,
Shield and XSelect C18 materials. Also presented are the predicted in-
ternal concentration proﬁles of the two nadolol racemates after the SMB
cyclic steady-state was achieved (cycle 25). Fig. 11 again validates the
use of the XBridge C18 adsorbent for the separation of nadolol race-
mates with better SMB system performances than the ones obtained
with Shield and XSelect materials for the same solvent and pH condi-
tions.
4. Conclusions
The separation of the two nadolol racemates was carried out using
three diﬀerent Waters C18 adsorbents; the XBridge C18, the Shield
RP18 and the XSelect CSH C18, at both analytical and preparative
scales.
The identiﬁcation of all the four nadolol stereoisomers and the ca-
pacity of C18 adsorbents to discriminate the two nadolol racemates
under reversed-phase chromatography was validated for each C18 ad-
sorbent, using an ethanol:water solvent mixture with diethylamine as
basic modiﬁer. The need for a high-pH operation was also identiﬁed
and justiﬁed by the strong alkaline nature of nadolol.
This work presented extensive experimental data for the separation
of nadolol racemates at both analytical and preparative scales and
shown how crucial is to evaluate the separation performance under the
real preparative and overloaded conditions, avoiding the extrapolation
of the results obtained under analytical and linear chromatography.
The Waters XBridge C18 adsorbent was concluded to be the better
solution for the preparative separation of nadolol racemates, using an
ethanol:water: diethylamine (30:70:0.005) solvent composition
(pH=11) and under preparative and simulated moving bed (SMB)
chromatography.
The nadolol case-study presented in this work shown that achiral
C18 adsorbents can be very useful in the global strategy for multi-
component chiral separations, where initial achiral separation steps can
be designed to discriminate racemates and stereoisomers before going
to the ﬁnal enantioseparation steps with chiral stationary phases. In this
Fig. 10. Predictions of the SMB system
productivity (left) and solvent consumption
(right), as a function of the nadolol feed
concentration, for the three Waters C18
adsorbents and using (30:70:0.005) etha-
nol:water:diethylamine (pH=11). Solid
line for the XBridge, dashed line for Shield
and dotted line for XSelect C18 materials.
Flow-rate in SMB section I of QI*= 20mL/
min; safety margins of 20% for SMB sections
I and IV; linear+ Langmuir isotherm model
parameters as in Table 3.
Table 4
SMB operating conditions and predicted performance parameters for the separation of nadolol racemates using the three diﬀerent C18 adsorbents and an etha-
nol:water:diethylamine (30:70:0.005) solvent composition (pH=11). Nadolol feed concentration of 10 g/L; model parameters of ε=0.4 (bed porosity), Pe= 5000
(Peclet number), and k=5 s−1 (mass transfer coeﬃcient); linear+ Langmuir (LLG) isotherm model parameters as in Table 3. The SMB performance parameters are
calculated after achieved the SMB cyclic steady-state (cycle 25).
C18 adsorbent Internal ﬂow-rates (mL/min) External ﬂow-rates (mL/min) TMB γ values SMB performance parameters
XBridge =∗Q 20.00I =Q 7.40E =γ 9.4579I =PUX 99.4%
=∗Q 13.83II =Q 0.38F =γ 6.2333II =PUR 100.0%
=∗Q 14.21III =Q 6.17X =γ 6.4303III = − −PR gl h1.33 1 1
=∗Q 12.60IV =Q 1.61R =γ 5.5890IV = −SC g2.06 l 1
=∗t 5.930 min =Q 12.60REC
Shield =∗Q 20.00I =Q 6.64E =γ 8.3937I =PUX 98.4%
=∗Q 15.00II =Q 0.22F =γ 6.0449II =PUR 100.0%
=∗Q 15.22III =Q 5.00X =γ 6.1489III = − −PR gl h0.78 1 1
=∗Q 13.36IV =Q 1.86R =γ 5.2732IV = −SC g3.10 l 1
=∗t 5.327 min =Q 13.36REC
XSelect =∗Q 20.00I =Q 7.24E =γ 11.2160I =PUX 99.3%
=∗Q 14.15II =Q 0.30F =γ 7.6454II =PUR 100.0%
=∗Q 14.45III =Q 5.85X =γ 7.8272III = − −PR gl h1.05 1 1
=∗Q 12.76IV =Q 1.69R =γ 6.7921IV = −SC g2.53 l 1
=∗t 6.927 min =Q 12.76REC
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way, the results raised in this work introduce original and innovative
solutions for the real separation of multicomponent chiral mixtures
which represent an important step forward for the pharmaceutical and
ﬁne-chemistry industries.
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